Over the past decades, Beijing, the capital city of China, has encountered increasingly frequent 12 persistent haze events (PHE). While the increased pollutant emissions are considered as the most 13 important reason, changes in regional atmospheric circulations associated with large-scale climate 14 warming also play a role. In this study, we find a significant positive trend of PHE in Beijing for 15 the winters from 1980-2016 based on updated daily observations. This trend is closely related to 16 an increasing frequency of extreme anomalous southerly episodes in North China, a weakened 17 East Asian trough in the mid-troposphere, and a northward shift of the East Asian jet stream in the 18 upper troposphere. These conditions together depict a weakened EAWM system, which is then 19 found to be associated with an anomalous warm and high-pressure system in the mid-lower 20 
Introduction 30
In the past decades, pollutant emissions have considerably increased in China where κ is the extinction coefficient. As it is necessary to adjust these data and maintain their 146 consistency before analysis, the visibility observations from 2013-2016 are transformed to be 147 comparable with the earlier visual estimations. 148
Global climate observations 149
The daily and monthly data of wind speed, geopotential height, specific humidity, sea level 150 The dominant feature of the winter monsoon over East Asia is the northwesterly wind direction in 160 the lower troposphere (Fig. 1) . During severe haze, northwesterly flow from the near-surface to 161 mid-lower troposphere weakens, or even reverses to a southerly direction, indicating a weak 162 EAWM system (Niu et al., 2010). The daily meridional wind anomaly at 850 hPa over eastern 163
China was found to be critical to the accumulation of PM 2.5 in Beijing (Cai et al., 2017). Here, we 164 define a practical index for assessing the EAWM strength as the seasonal mean meridional wind 165 anomaly at 850 hPa during winter over the region (30°-50° N, 105°-125° E) as outlined in Fig. 1 . 
Ensemble Empirical Mode Decomposition 176
In this study, the ensemble empirical mode decomposition (EEMD) method is applied to separate 177 the multidecadal-to-centennial timescale variations of SSTA time series over the northwestern 178 maximum of the PDF occurred from the 1980s to the 1990s, with a higher probability of events 210 with durations longer than 3 days. Since then, the maximum of the PDF has decreased with 211 increasing probability of persistent haze events longer than 4 days. These results show that it is the 212 number of persistent haze days that has been increasing from 1980 to 2016 and the duration of 213 haze events tends to get longer over the last decades. winter from 1980-2016. In the lower troposphere (Fig. 3a) , most of China is covered by an 229 anomalous low-pressure system adjacent to an anomalous high over the northwestern Pacific, 230
suggesting weaker-than-usual northerly winds from the mid-high latitudes. Consequently, North 231
China is covered by widespread anomalous southerlies, implying significant weakening of the 232 northerly winds, or even reversal to a southerly flow in the region (Fig. 3b) . The southerly 233 anomalies over eastern China are favorable for the transport of warm, moist air from the southern 234 to the northern part of eastern China, creating favorable humidity conditions for the occurrence of 235 haze (Fig. 3a) . At 500 hPa, East Asia is mainly dominated by an anomalous high (Fig. 3c) , Beijing. This coefficient remains as large as 0.66 between the de-trended series, and is significant 279 at the = 0.01 level. As shown in Fig. 4c , the duration of extreme anomalous southerly events has 280 changed in the recent decades, with most of these events lasting for 2-3 days. From the 1980s to 281 the 1990s, the maximum of the wind PDF increases with more 3-4-day events, but without much 282 change toward the longer duration end, indicating mainly an increasing probability of extreme 283 southerly events lasting for 2-4 days. Since then, the maximum of the PDF has been decreasing 284 with increasing probability of extreme southerly episodes of longer duration. In comparison with 285 troposphere, the weakening monsoons are more likely than before to be interrupted by persistent 360 anomalous southerlies in North China, which facilitate the transportation of warm, moist air from 361 the south to the north of eastern China, favorable for the occurrence of PHE in Beijing. In the 362 mid-troposphere, a shallow East Asian trough also helps prevent cold-air activities from 363 influencing Beijing, and is hence unfavorable for the clearance of pollutants around Beijing. These 364 anomalous circulation patterns not only result in sinking air motion in the mid-lower troposphere, 365 leading to a lower atmospheric boundary-layer height, which is unfavorable for vertical diffusion, 366 but also give rise to stagnant weather conditions, and the collection of pollutants in the 367 atmospheric boundary layer. Therefore, the increasing SST over the northwestern Pacific and the 368 associated changes of atmospheric circulation related to a weakened EAWM system potentially 369 play a key role in the increasing occurrences of weather conditions conducive to PHE in Beijing. 370
So far we have discussed how the change of local pollution events in Beijing could be associated 371 with large-scale climate warming via changes in EAWM and associated SSTA over the NW 372
Pacific, as schematically depicted in Fig. 7 . 373
Owing to its large heat capacity, the ocean accumulates energy derived from human activities, 374 with more than 90% of the Earth's residual energy related to global warming absorbed by the 375 
